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ABSTRACT 
Vertical Mesoscale Water Vapor Flux 
In an Irrigated Valley 
by 
Esmaiel ~falek, Doctor of Philosophy 
Utah State University, 1977 
Major Professor: Dr. Gene L. Wooldridge 
Department: Soil Science and Biometeorology 
To obtain the profiles of dry bulb and wet bulb temperature, 
specific humidity, q, and air density, p, to a height of 200 meters 
viii 
above the ground, a precise lightweight thermocouple psychrometer was 
designed. To lift the thermocouple psychrometer and the attached 
wires in obtaining the pq profiles, a rigid polyethylene balloon 
augmented with 5.5-feet outdoor or 100-g meteorological balloons were 
used . Using the height dependent eddy exchange coefficient and a one-
dimensional time-dependent profile model, the nighttime variations of 
pq as a function of height were predicted and compared with observed 
values. It was found that the general shape of the eddy exchange 
coefficient, K(z)' was approximately the same as found in recent 
literature. 
(101 pages) 
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NOTATIONS AND SYMBOLS 
Cross sectional area of the copper wire 
Parameter in equation (7] 
Parameters in equation (7] 
Heat capacity of the air at constant 
pressure 
Average vertical transfer of water vapor 
across a unit horizontal plane 
Actual vapor pressure 
Saturation vapor pressure at Tw 
Saturation vapor pressure at TD 
Coefficient of eddy transfer for water vapor 
Height dependent eddy exchange coefficient 
von Karman constant 
Wire length 
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2 
m 
m
2/sec 
Dimensionl ess 
cal/g.•c 
cal/cm2.sec 
mb 
mb 
mb 
m
2/sec 
m
2 /sec 
Dimensionless 
m 
Difference between the average TD for the 
Assmann's and thermocouple psychrometer •c 
Difference between the average Tw for the 
Assmann's and thermocouple psychrometer •c 
Number of iterations Dimensionless 
Air pressure mb 
Specific humidity g/g 
Wire resistance ohm 
Coefficient of correlation Dimensionless 
RH 
T 
TD 
T 
w 
u*(O) 
u 
NOTATIONS AND SYMBOLS (Continued) 
Relative humidity 
Temperature 
Dry bulb temperature 
Wet bulb temperature 
Friction velocity 
Surface friction velocity 
Mean wind speed 
u' ,v' ,w' Longitudinal, transverse and vertical 
X 
y 
y 
e 
>, 
<Pm 
components of the fluctuating part of 
the wind 
Units on the chart 
Dry or wet bulb temperature obtained from 
the chart 
Height 
Temperature coefficient of resistivity 
The average coefficient of expansion 
Power of the number of iteration 
Psychrometric constant 
Potential temperature 
Latent heat of vaporization 
Density of the air 
Resi stivity 
Stability function 
% 
m/sec 
m/sec 
m/sec 
m/sec 
X 
Dimensionless 
Dimensionless 
cal/g 
g/cm3 
ohm/m 
Dimensionless 
INTRODUCTION 
Large vertical gradients of wind velocity, temperature and 
humidity occur in the lowest layer of the atmosphere. Due to eddy 
diffusion, momentum, heat, and moisture are transported through the 
boundary layer, and the physical condition of the boundary layer 
changes with time due to the divergence or convergence of these fluxes. 
Many investigators have attempted to represent these fluxes with a 
mathematical model which simulates the physical processes of the 
boundary layer (Halstead et al., 1957; Estoque, 1963; Sasamori, 1970; 
Busch, 1976). 
According to King (1961), three simultaneous dynamic processes 
are involved with the release of water (evapotranspiratjon) to the 
atmosphere, which are: 
1. A flow of water by turbulent and molecular diffusion from the 
evaporating surface into the atmosphere. 
2. A flow of heat by radiation, convection, or conduction to 
the evaporating surface and the possible removal therefrom as latent 
heat of evaporization. 
3. A flow of water through the soil and plant to the evaporating 
surface. 
Different methods are used to determine the flow of water from 
evaporating surface into the atmosphere. According to Taylor and 
Ashcroft (1972), these methods can be (a) aerodynamic or mass transfer 
such as eddy correlation and profile methods, (b) the energy balance 
methods, (c) combination methods-those that combine aerodynamic with 
the energy balance, (d) empirical methods, and (e) water depletion 
methods. 
The eddy correlation method of computing the vertical flux ·of 
water vapor profiles, a t any point the instantaneous rate of upward 
movement depends on the air density, p, specific humidity variations, 
q', and the vertical velocity, w. Application of this method requires 
a linear response anemometer and a linear response hydrometer (Penman 
et al., 1967). The profile method of flux calculation assumes that the 
vertical flux of momentum, sensible heat, and water vapor can be 
mathematically represented by a one-dimensional steady state equation. 
Using a number of assumptions, the vertical flux of water vapor may be 
calculated from the vertical gradient of specific humidity and the air 
density if the eddy transfer coefficient is known . The turbulent 
diffusion or eddy transport that occurs in the atmosphere is often 
modeled by means of gradient transfer equation. In this application, 
the proportionality factors are called "eddy transfer (exchange) 
coefficient" to designate that the transfer is by means of turbulent 
eddies (Taylor and Ashcroft, 1972). 
In the energy balance method, the value of evapotranspiration for 
a soil surface can be cal culated if the values of net radiation, 
sensible heat, and soil heat flux are known. In the combination 
methods, an energy balance and a mass transfer equation are combined 
to produce an equation that can be used to es timate potential evapo-
transpiration from measurements at a single point. 
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Empirical methods are also used to estimate evapotranspiration. 
Many of these are calibrated for a given crop in a given region. These 
methods include the crop and soil factors. Working with the water 
depletion methods, the basis for these methods is the inflow and out-
flow of water over a limited portion of hydrological cycle . 
The analysis of vertical flux of water vapor is important to an 
understanding of evaporation mechanism, the formation and development 
of convective phenomena, air mass transformation, and for the compr e-
hension of the enegetic of the general circulation of the atmosphere. 
The application of recent development to investigations into the 
atmospheric water-vapor flux phase of the hydrological cycle of water-
balance indicates that this is a possible means for computation of 
large-scale water balances to meet the original needs for hydrological 
services (Peixoto, 1973). 
Considering the methods described above, the aerodynamic or mass 
transfer methods seemed better for the calculation of the vertical 
fluxes of water vapor at different heights, because the technique is 
quite accurate and thi s method of calculation provides a more detailed 
description of the profiles above the ground surface. 
Much work based on the eddy corr e l ation method has been done to 
measure the vertical flux of water vapor in a microscale (Swinbank, 
1951; Dyer, 1962; Crawford, 1965; Dyer, 1967; Goltz et al ., 1970; 
Hogstron, 1974). Using the profile method and considering the meso-
scale, Sasamori (1970) calculated the value of specific humidity 
(mixing ratio) up to about l kilometer. He used two calculations 
which were based on different assumptions for the eddy diffusivity 
4 
in the ekman layer. Busch (1976) devised a model to 
calculate the vertical diffusion of a passive substance 
up to about 1.6 kilometers. 
In these methods, investigators assumed a constant flux 
of the passive substance, such as water vapor, at the 
ground, and the comparisons between observed and predicted 
values were made for the plains area . 
The purpose of this investigation is to measure this 
flux using a one-dimensional time-dependent model for an 
irrigated valley . In this model, the flux of water vapor 
varies at the ground during the daytime period . To do this, 
an unaspirated thermocouple psychrometer was designed . 
Typically, a thermocouple psychrometer consists of two 
sensors: one is kept moist with water to measure the wet 
bulb temp erature; the other is dry to measure the air tempera-
ture. Having dry and wet bulb temperatures and the air pressure, 
the value of specific humidi t y, q , and the air density, p , 
can he computed. 
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LITERATURE REVIEW 
Profile theory 
Working with the profile methods, Priestly (1959) suggested that 
the average vertical transfer of water vapor across a unit area of a 
horizontal plane could be written as the form: 
E [1] 
where Kw is the coefficient of eddy transfer for water vapor, pa is 
the density of the air, and ~ is the specific humidity gradient in 
the vertical direction. Assuming K, the eddy diffusion coefficient, 
to be the same for momentum, sensible heat and moisture, then equation 
[1] can be rewritten as follows : 
E 
pak 2 (U2-Ul)(q2-ql) 
[2] 
where k is the von Karman constant, u2, u1 and q2, q1 are the mean wind 
speed and specific humidity at heights z2 and z1, respectively. 
Eddy exchange coefficient 
The eddy exchange coefficient, K, is not constant in a turbulent 
atmosphere (Sutton , 1953). The value of K varies with changing 
altitude, wind shear , thermal stability, surface roughness, and the 
scale of motion (Monin eta!., 1954; Panofsky, 1962; Pruitt et al . , 
1971 ; Agee et a!., 1973; Busch, 1976). Monin and Obukhov (1954), con-
eluded that the relation ship between eddy exchange coefficient, K(z); 
6 
friction velocity, u.; height, z; and stability function, ~m; in the 
surface boundary layer, can be expressed as: 
[3] 
where k is the von Karman constant, and thus: 
2 
pak (U2-Ul)(q2-ql) 
[4] E 
z 
(ln ---2) 2 "' 
z "'m 1 
Several investigators attempted to precisely define the 
relationships between Richardson number, Ri; and the stability function, 
~m; in stable and unstable conditions. Pruitt et al. (1971), summarized 
the results of some previous investigators and suggested equations to 
calculate ~m having Ri. According to Pruitt et al. (1971), the rela-
tion between ~m and Ri could be as follows: 
and 
~m 
with 
(1 + 16 R.) 1/ 3 for stable conditions [5] 
1 
(1 - 16 R.)113 for unstable conditions 
1 [6] 
[7] 
where g is the acceleration of gravity, e is potential temperature. 
The value of ~m is les s than one for unstable conditions, one for 
neutral conditions and greater than one for stable conditions. As 
equation [3] shows, for stable conditions the value of K(z) is smaller 
than that for unstable conditions. According to Blackadar and Tennekes 
(1968) and Weber et al. (1975), the vertical gradient of friction 
velocity, u., in neutral, barotropic conditions can be expressed as: 
-4 U*(O) - 3.83 x 10 z 
where u*(O) is the surface friction velocity . Substituting in 
equation [3] yields: 
u k 3.83xl0-4 kz 2 
* (0) z -
<Pm 
According to Kao (1959), the friction velocity for a wide range of 
(8] 
(9] 
thermal stability in the lower part of the friction layer can be found 
by: 
u*(O) (10] 
where k is the von Karman constant, and u1, u2, and u3 are the mean 
wind speeds at height z1 , z2 , and z3 , re spectively. The value of u*(O) 
can also be computed by a Gill u-v-w anemometer according to the 
formula : 
2 2 1/4 
u*(O) ; ((u'w') + (v 'w' ) ) [11] 
where u', v', and w' are the longitudinal, transverse, and vertical 
components of the fluctuating part of the wind (Weber et al., 1975). 
Vorontsov (1958), used balloon data to calculate the value of 
K(z) up to 700 meters over a cotton field, a semi-desert, a fo rest, 
8 
and a grassland during spring, summer , autumn, and winter periods. 
Based on his ca lculations , the maximum of K(z) occurred in the lowest 
few hundred meters. O'Brien (1970) proposed the use of a cubic poly-
nomial profile to determine K(z) with respect to height . Agee et al. 
(1973) suggested an exponential function for determining of K(z) ' 
Wooldridge (1974) and Wooldridge and Orgill (1975) determined the 
vertical profile of eddy exchange coefficient using superpressure 
mylar balloons in Cache Valley of northern Utah and in the Eagle 
River Valley of Colorado, respective l y. Their experiment s were per-
formed during daytime hours in the abs ence of a low leve l inversion 
and indicated an exponential increase in the eddy diffusion coefficient 
in the upper two-thirds of mountain valleys. The profiles differed 
markedly from profiles measured over plains regions. 
According to Agee et al . (1973), the value of K(z) may be expressed 
as: 
K(z) = a (exp(-bz/z~- exp(-bcz/zT)) [12] 
where a, b, and c are arb i t rarily chosen parameters that primarily 
affect the value of K(z)' and the ratio of the maximum diffusivity to 
diffusivity at the top of the Ekman l ayer , zT. The above parameters 
were det ermined by Lewi s (1976) in different stability condit ions 
in Cache Valley. These parameters change as the stability conditions 
change. 
Mod el 
Assumi ng K, the eddy diffusion coefficient, to be the same for 
momentum, sens ible heat and moisture, then the equation for the 
9 
atmospheric humidity is as follows (Sasamori, 1970; Carnahan et al. , 
1969) : 
[13] 
For our purpose , the following equation is used : 
~-a ~ at - - az (K(z) az [1 4] 
where K(z) i s the eddy diffusion coefficient and p is the air density. 
A lightweight, precise ins trument is required to measure the profile of 
pq i n a mesosca l e. Among the different kinds of instrument s for 
determining the specific humidity, q, an unaspirated thermocoupl e 
pyschrometer seems precise enough (Powell, 1936; Bellaire, 1951; 
Caldwell et al., 1970; Brown et a l . , 1971; Tanner, 1972). 
METHODS AND MATERIALS 
Construction of thermocouple 
psychrometer 
10 
24-gage insulated copper-constantan thermocouple lead wires were 
used to construct the two temperature sensors . The junctions of both 
sensors were soldered together. To compare the temperature of the two 
sensors with a reference temperature, the following design was chosen 
(see Figure 1), the reference sensor was always kept in a mixture of 
ice and water at 0.0°C. The two sensors were placed about 1.5 em apart. 
One of the sensors was moistened by means of Kleenex facial tissue to 
provide a continuous flow of water (Tanner, 1972). A stainless steel 
tube constituted the water reservoir (Brown et al ., 1971) . Figure 2 
shows the design of the thermocouple psychrometer. The vacuum insul-
ated container kept the reference sensor at 0.0°C at least for eight 
hours. The inside diameter of the s teel tube was about 11.5 mm, and 
its length was about. 250 mm. The reservoir could supply water contin-
uously to the wet sensor for at least 2 days. 
The proposed investigation required profiles of specific 
humidity, q, and the air densi ty, p, to 200 meters; therefore, the 
negative and the two positive copper wires of the thermocouple 
psychrometer (see Figure 2) were connected to three 200-meter copper 
wires separately, and the ends of these 200-meter copper wires con-
nected to a Hewlett Packard single point recorder. 
To determine the relation ship between the units on the strip 
chart recorder and the temperature of the sensors, the sensors were 
Reference 
Copper Constantan 
Figure 1. The design of the sensors. 
Dry sensor 
....._Reference \ 
sensor 
Small h o!e for 
flowing of air Wick 
24-gage insulated 
lead wire 
I 
Rubber 
stopper / 
Wet 
sensor 
Figure 2. The design of the thermocouple psychrometer. 
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placed in water with temperature ranging from zero to 40°C. The 
results of this test are summarized in Table 1. 
Table 1. The relation between units on the chart and the temperature 
of the sensors 
Temperature, 0 ( (y) 
0.0 
1.6 
6 . 3 
13.6 
20.1 
25.0 
29.4 
35.1 
40 . 4 
0.0 
Units (x) 
1.0 
2.9 
7.6 
15.0 
21.6 
26 . 6 
31.3 
37.7 
43.9 
1.0 
Using the linear regression analysis method (Neter and Was serman, 1974), 
the above relation can be expressed by the following equation: 
y -.86545 + .95522x [15] 
where x denotes units on the chart, and y the temperature in °(. The 
"coefficient of correlation," r, equals .978 . The same procedure was 
repeated when the negative and the two positive wires of the thermo-
couple psychrometer were connected to three 1.10-meter copper wires 
separately. The equation follows: 
y -.2169 + .6760lx [16] 
with r .965. 
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For construction of the thermocouple psychrometer, the following 
design require~ents were considered: 
1. Effect of varying air temperature on the resistance of the 
copper wire. 
2. Effect of ventilation on the sensors. 
3. Effect of direct solar radiation on the sensors. 
4. Effect of very high relative humidity on the sensors. 
5. Effect of different water temperature in the reservoir for 
the wet sensor. 
Effect of varying air temperature on the resistance of the copper 
wire . To consider the effect of different air temperatures on the 
resistance of the thermocouple wires and the units on the strip chart 
recorder, the range of 10-40°C for the air temperature was chosen. The 
laboratory temperature during the test was 28 .2 °C. The radius of a 
24 - gage copper wire at 20°C is 2.5527 x 10-4 meters (B l ack, 1943). 
Expansion can be computed by: 
lll [17) 
where I is the length of the wire in meters, a is the average coef-
ficient of expansion (for the range of O-l00°C), which equals 
1.7 x Io- 5·c-l for copper, liT is the change in temperature in •c. 
Based on equation [17), the radium at 28.2°C is corrected to 
2.5531 x 10-4 m. 
Considering 
a=-P' [18) 
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and 
R P' A (19) 
where a is the temperature coefficient of resistivity, 2.9 x 10- 3 ·c- 1 
for copper; P' the resistivity, 1.7 x 10-8 ohm-meter for copper at 
20°C; and A the cross section area of the wire in m2; the resistance 
of the wire, R, can be computed in ohms (Halliday and Resnick, 1967). 
At 28.2°C, 6p' is 5.437 x 10-lO ohm-meters, and the resistances 
for the thermocouple with and without 200-meter copper wire are 
R = 17.22 and R' = .094 ohms, respectively . At 10 and 40°C the values 
of resistance, considering the 200-meter copper wire, are 16.1 and 18.0 
ohms, respectively. 
Based on Figure 3, for the same unit on the chart, there are two 
different temperatures. For example, the indicated temperatures are 
28.2 and 20.3°C with and without 200 meters of wires, respectively. 
Operationally, a linear relation can be obtained between temperature 
and resistance, as presented in Figure 4. Considering Figure 4, for 
the range of 18.2°C, 6T = .s•c or a 3 percent decrease on the chart 
for each •c decrease in the air temperature. For the range ll . 8°C, 
6T = .32°C, or a 3 percent increase on the chart for each •c increase 
in the air temperature. 
Using Table 1, the following correction can be made to the chart 
reading due to the effect of changing air temperature on the resis-
tance of the wire: 
4-l2l 
35 
OU3l2l 
e! 
:> 
~25 
Q) 
a. 
~ 2l2l 
~ 
15 
1l2l 
5 
Y = -.86545+ .95522 X 
------------+----
--------+---
5 1l2l 15 20 25 30 
Units on the chart 
35 
"" 
Y = - .21690+ .67601 X 
(without 200-meter copper 
wire ) 
4-0 4-5 50 
Figure 3. The relation between resistance, units on the chart, and temperature of the sensor. 
3lZJ 
5 10 
Resistance , ohms 
.s 'c .3 'c 
15 2lZJ 
Figur e 4. The relation between changes in r esistance and temperature, based on Figure 3. 
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Table 2, The relation between units on the chart and the temperature 
of the sensors considering the effect of changing air 
temperature on the resi stance of the wire 
Unit s (x) 
2.9 
7.6 
15.0 
21.6 
26.6 
31.3 
37.7 
43.9 
Temperature, •c (y) 
.8 
5.6 
13.2 
19.9 
24.9 
29.4 
35.3 
40.8 
Using a regression analysis method, one obtains: 
y -1.65464 + .98144x [20] 
As Table 2 indicates, a change in temperature affects the resistance 
of the copper wires, this is calculated from equation [20]. 
After considering the effect of r esistance changes on the units on 
the chart, one of the sensors was covered with Kleenex faci a l tissue 
to form a wet sensor (wet bulb), and the other left uncovered as a dry 
sensor (dry bulb). 
Effect of ventilation on the sensors. Theoretically, the wat er 
vapor pressure can be computed using the following equations (Jensen, 
1973): 
[21] 
where e is the actual water vapor pressure, in mb; ew the saturation 
water vapor pressure at Tw' in mb; T0 the dry bulb temperature, in •c; 
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Tw is the wet bu lb t emperature, in •c; and y the psychrometric constant, 
in mb/°C . A balance between the sensible heat gained from the air 
f l owing past a wet bulb thermocouple and the sensible heat transformed 
i nto l atent heat, in mb/°C, can be expressed in the following form: 
y 
C. p 
_E__ 
. 622A 
wh er e Cp is the heat capacity of the air at constant pressure in 
cal /g-•c, and P ·is the pressure in mb. P can be computed by the 
fo llm<ing equation : 
p 101 3 - .1055 e l evation (meters) 
A is l atent heat of vaporization in cal /g , which can be ca l cul at ed 
by th e following expression: 
595 - .51 T 
w 
[ 22 ] 
(23 ] 
[24] 
TI1ere are various formulas used t o compute the value of ew , the 
sa turation vapor pressure over water , which yie ld approximately the 
same results. The simp l es t one i s: 
e 
w 
1.3329 exp(21.07 - 5336/Tw) [25 ] 
where Tw is in °K and ew is in mb. Given P, T0 , and Tw the value of 
e , the actual vapor pressure, can be computed. The value of e and 
its correction for height above sea level can be found in the 
Smithsonian ~1eteoro logica l Tables (List, 1963 ). Th e relative 
humidi t y , RH , can be obtained from the following equation: 
19 
RH ~X 100 
e' 
[26] 
where e' is the saturation vapor pressure at the actual temperature 
(dry bulb temperature) in mb. 
An Assmann's psychrometer was used to calibrate the thermocouple 
psychrometer. Equation [20] was used to convert the units on the 
chart to dry and wet bulb temperatures . 
To consider the effect of .ventilation, tests were performed in the 
laboratory and out-of-doors. The results in the laboratory (see 
Table 3) showed that ventilation is necessary. To consider the effect 
of natural ventilation, tests were carried out outdoors in shadow at 
different heights and different times. The results are summarized in 
Tables 4 and 5 in Appendix A. As a result, Table 3 indicates that 
ventilation is necessary in the laboratory . Table 5 shows that, up to 
20 em, there is reasonable agreement between Assmann's and thermocouple 
psychrometers, but at heights of 30 em and higher this agreement 
improves. This means that ventilation is inadequate near the ground 
for our purpose. 
Effect of direct solar radiation on the sensors. To consider the 
effect of direct solar radiation on the sensors of the thermocouple 
psychrometer, tests were carried out at a height of 60 em in unobstructed 
sunshine us ing two method s: first, allowing direct sunshine on the 
sensors, and then using a very light white painted metal to form a 
shadow on the sensors. The metal shield was made as narrow as possible 
to minimize the effect on ventilation. Tables 6 and 7 show the results 
in sunshine. As Table 7 indicates, effects due to direct sunshine on 
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the sensors are small, and differences in T0 and Tw followed the same 
trend as in Table 5. 
Effect of very high relative humidity on the sensors. To consider 
the operation of the thermocouple psychrometer in very high relative 
humidity, tests were performed in a steamroom. The re sults of Table 8 
reveals that in very high relative humidity the difference between 
Assmann's and thermocouple psychrometers for T0 and Tw are approximately 
the same as Table 7. 
Effect of different water temperatures in the reservoir on the 
wet sensor. To estimate the effect of changing temperature of water in 
the reservoir on the wet sensor, tests were carried out using cold water 
(about 2°C) and hot water (about 60°C) in the reservoir. The results 
(see Table 9) show that variations of water temperature in the reservoir 
had little effect on the operation of the thermocouple psychrometer. 
Tethered balloons 
It was determined that the proposed investigation required tempera-
ture and humidity profiles to 200 meters, therefore three 200-meter 
copper wires were twisted together along with more than 200 meters of 
80-pound test line, using filament tape at 25 em intervals. The wires 
and line were graduated at 5-meter intervals, and wound around a winch 
mounted on a wheeled support. One end of the line fastened to the drum 
of the winch and the other end connected to the tethered balloon during 
the test. 
To suspend the thermocouple psychrometer beneath the balloon, a 
19.5 x 19.5 em steel plate with a handle on it was used, with a 2.5 
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em thick sheet of styrofoam attached to the lower part of thi s plate. 
The styrofoam prevented the conduction of heat from the plate to the 
thermocouple psychrometer. To minimize the heat adsorption, the upper 
part of the steel plate was painted white. Metal bands attached the 
thermocouple psychrometer and the insulated reservoir to the plate 
(see Figure 5). 
Appendix B gives the total weight of the thermocouple unit, 
copper wires, and tethered line. To lift the combined weight of 3343.7 
g (7 . 37 Jb), a rigid polyethylene balloon was augmented with 5.5-feet 
outdoor or 100-g meteorological balloons (Weather Measure Corporation, 
1976) inflated with helium. The aerodynamic shape of the rigid nylon 
balloon reduced the effect of wind force on the equipment in the air. 
During the test, the thermocouple psychrometer unit was suspended 
beneath the balloons, and the balloons attached to the tether line. 
The end of the three 200-meter wires connected to the recorder using 
a simple connecting-disconnecting device. 
The investigation was undertaken at the Utah State University 
Animal Husbandry Farm, about 8 kilomet ers southwest of Logan, Utah, 
location of a climatologica l station. Figure 6 gives the genera l view 
of the experimental site, the balloons, winch, thermocouple unit and 
the climatological station . 
Most of the experiment was performed under calm conditions. 
Measurement of dry and wet bulb temperatures were made at heights of 
. 5, 1, 2, 3, 4, 5, and 10 to 200 meters at 10 meters intervals. 
During windy situations, the angle between the vertical and the wires 
were estimated and the height calculated by multiplying the cosine of 
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f-i gure 5 . Thermocouple psychrometer assembl y . 
r igure 6. The general view of the experimental site, the balloons , 
thermocouple unit, and wi nch. 
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the angle and the length of the wires (assuming straight wires in 
windy conditions). Figure 7 shows the balloons and the thermocouple 
psychrometer unit at a height of 50 meters, during calm conditions . 
The tests were usually conducted during clear sky conditions; for 
comparison one cloudy day was chosen. 
Appendix C indicates the computational procedure to compute 
T0 , dry bulb temperature; Tw' wet bulb temperature; e, actual water 
vapor pressure; RH, relative humidity; q, specific humidity, 8, 
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potential temperature; Tv' virtual temperature; and p, density of the 
air. 
Three totalizing anemometers at heights of .6, 2.9, and 10.0 
meters were used to measure the low level wind profile. The soil 
temperature was obtained at depths of .10 , .20, .50, and 1.0 meters. 
Wind speeds from the totalizing anemometers and the soil temperatures 
were recorded before each sounding, after reaching the 200 meters 
height, and after reaching the ground. 
Appendix D presents the values of the mean wind speeds, surface 
friction velocity (using equation [10) ) during the test periods . 
Description of the model 
Based on equation [14), the variations of pq with respect to time 
could be expressed as: 
(pq)t+6t = (pq)t + a~~q) • 6t + source • 6t, 
or 
(pq)t - -- (K ~) • 6t + source • 6t dZ (z) dZ [27) 
Figure 7. The balloons and thermocouple psychrometer at a height of 
SO meters. 
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where the values of pq can be measured by us ing a thermocouple psychrom-
eter and applying equations in Appendix C. The source term is related 
to the potential evapotranspiration, which can be estimated from the 
value of flux divergence near the ground surface. As will be mentioned 
later, the comparison between observed and predicted pq showed that the 
observed pq values are slightly higher than those predicted in the upper 
level of the profile. This implies a small source from the upper levels 
above 200 meters. Through successive iterations the average amount of 
source from top was estimated and added to the predicted value for pq 
over about four hours elapsed time and then stopped. K(z) is the height 
dependent eddy exchange coefficient and 6t is the time interval . 
For this investigation, the nighttime variations of pq up to 200 
meters were predicted using the model proposed by equation [27). It 
was assumed that the same amount of flux divergence existed at I, 2, 
and 3 meters and again at 180, 190 , and 200 meters . This assumption 
was required to calculate the flux term, 
and the flux divergence term, 
a CK ~ az (z) az ' 
since one loses the first two levels (1 and 2 meters) and the last 
two levels (190 and 200 meters) in finite differencing. 
To smooth the pq profile, using the model, a cubic spline 
technique was applied (Ralston and Wilf, 1967; Fritsch, 1969). 
According to Fritsch (1969), the pr oblem of passing a smooth curve 
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through a given set of points has been solved mechanically by using a 
thin elastic strip to define the curve. This strip is commonly called 
a spline. The spline must define the smoothest curve for a given set 
of points. The spline curve between any two data points will have to 
be approximated mathematically by a polynomial representation. These 
piece-wise polynomial and then joined together under certain specified 
constraints, such as the continuity of the function and its derivatives 
at the data points. Normally it is not desired to fit a curve exactly 
through all the points, and so some type of smoothing is performed 
on the data. This technique has been translated into Fortran code 
and can be used for one or two dimensional cases (Ralston and Wilf, 
1967). For this investigation, a one dimensional cubic spline tech-
nique with pq as the independent variable and z as dependent 
variable was applied. 
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RESULTS AND DISCUSSIONS 
As the results of the design requirements for constructing the 
thermocouple psychrometer showed, a correction is needed. 
Correction factor for the thermo-
couple psychrometer 
The tests revealed that at a height of 30 ern and higher, in 
shadow and in sunshine, the thermocouple psychrometer had higher dry 
and wet bulb temperatures with respect to the Assrnann's pyschrorneter. 
This may be due to overheating of the thermocouple psychrometer sensors. 
Values computed for vapor pressure and relative humidity are also high. 
A correction can be applied by using the results in Tables 5 (for 
heights over 20 ern), 7, and 8. The relationships are: 
T0 (Assrnann's) - T0 (thermocouple) N 
and 
Tw (Assmann's) - Tw (thermocouple) M 
where, on the average, N -0 . 7 and M -0.9°C. After averaging, 
one obtains 
T0 (Assrnann's) T0 (thermocouple) - 0.8 [28] 
and 
Tw (Assmann's) Tw (thermocouple) - 0.8. [29] 
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Refering to equation [20), one obtains: 
y -2.45464 + 0.98144x. [30 ) 
Equation 30 includes a correction with respect to the Assmann's 
psychrometer and the effect of the air temperature on the r esistance 
of the wires. 
Having the units for dry and wet sensors on the chart, x, and 
using equation [30], the dry and wet bulb temperature, y, can be calcu-
lated. Equation [30] was tested several times outdoors. On the average 
the results are in very good agreement when compared with the Assmann's 
psychrometer. 
Observed profiles 
To gain the profiles of water vapor pressure and then the 
specific humidity, soundings were made during August and September 
1976. The soundings showed that the most pronounced changes in the 
profiles took place during the morning and the evening periods. Two 
complete series of soundings were obtained on September 20 (05:26 -
19:17 ~1ST) and for the night of September 21-22 (18:07 - 07:05 MST) . 
Figures 8 and 9 present the profiles of T0 and q on August 24 
in the evening; Figures 10 and ll indicate the same profiles for the 
morning hour s of September 24. The daily variation of temperature 
and specific humidity profiles for September 20 can be seen on 
Figur es 12 and 13. The same profiles for different height s are shown 
on Figures 14 and 15 for the same date. Similarly, the profiles ar e 
indicated on Figures 16, 17, 18, and 19 for Sept ember 21-22. 
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As Figures 12 and 16 show, the depth of the surface inversion 
layer reached, in most cases, to the height of 200 meters. Figure 14 
indicates that this inversion dissipated about 2 hours after sunshine, 
and formed about half an hour before sunset. Figures 13, 15, 17, and 
19 show that, near the sunset and after, there was a downward flux 
of water vapor, in most cases from about 10 m to the ground surface. 
This downward movement continued a little after sunrise (see Appendix 
E for more figures) . 
Predicted profiles 
To apply equation [22] for predicting the variations of pq during 
the night period, the first attempt utilized equation (12] with 
parameters suggested by Lewis (1976), up to 200 meters. However, 
results indicated that the K(z) values did not fit; therefore, after a 
number of attempts, values of K(z) were deduced which duplicated 
observed profiles of pq. For the lower 10 meters, equation [Tj fitted 
well with the same values for b and c as Lewis used but about one order 
of magnitude reduction in the parameter, under stable conditions. 
The K(z) values used for the lower 10 meters were about one order of 
magnitude less than those computed from micrometeorological data 
(equation (9]). It was found that the shape of K(z) profile changed 
slightly during the night period. These changes related to changes 
in friction velocity and stability function (see equation [9] and 
Appendix D). The general shapes of the eddy exchange coefficient 
profile, K(z)' were approximately the same as proposed by Vorontsov 
(1958), 0' Brien (1970), Panda! fo (1971), and Agee et al. (1973). Due 
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to the height of the surface inversion layer, the maximum K(z) occurred 
at about 40 meters height. Following Agee et al. (1973) and Lewis 
(1976), the following equation was used to calculate the value of K(z) 
for the lower 10 meters: 
K(z) ; -1 04.68a [exp(-8.687SE - 4) z-exp (-7.992SE - 4) z] [31] 
where z is the height in meters and a varies from Q.l to 0.2 m2/sec. 
Figure 20 shows the K(z) profile and its variations during the night 
of September 21-22. Refer to Figure 20, for the model results for 
the first 58 iterations (01:37 elapsed time), curve l; from 59 to 87 
iterations (02:25 elapsed time), curve 2; and from 88 to 358 iterations 
(09:57 elapsed time), curve 3. By the number of iterations, we mean 
elapsed time from 18:07 MST, when comparison began. It was found that 
in the lower 10 meters the K(z) profiles were very powerful in con-
trolling the pq values in the model, and that these K(z) values varied 
with time. These lower 10-meter variations in K(z) are shown in 
Figure 21. Curves l through 5 were used according to the elapsed times 
mentioned on Figure 21. Having the maximum value of K(z) and the value 
at top, and using Agee et al . 's formula, a, b, and c could be computed. 
The results for August 24, 27, September l, 2, 21 - 22, and 23 
showed that for an hour or more after sunset, the value of q, specific 
humidity, was a little higher than that before or during sunset (see 
Figures in Appendix E). This implies that some sensibl e heat was used 
for evaporation . Consequently, in the model, the same amount of flux 
divergence at one meter is added to the lowest part of the profile as 
a source. To diminish the value of this source, the following equation 
was used: 
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( ) a ~) Source !'> pq t+/'>t = (pq) t - az (K (z ) az ' l'> t + ---;;r- ' t [32] 
where N is the number of i terations and 6 is less than one but greater 
than zero. As the number of iterations increase, the value for the 
th ird t erm on the right- hand side of equation 32 diminishes. Having 
the K(z) profile, chosing /'> t = 100 seconds, and using equation 32, the 
pred i cted values of pq wer e computed. The comparison between observed 
and predic ted pq with r espec t to time showed that the observed pq 
values had a slightl y hi gher value compared to those predicted in the 
upper l evels of the profi l e. Th i s implied a small source from the 
upper l eve ls above 200 met ers. Thi s source could have been produced 
by t he fl ux divergence of \Yat er vapor from the upper l eve ls or by 
changes in the K(z) pro fi l e . TI1e comparison between observed and 
predic t ed pq are shown on Figure 22 through a to t. After 358 itera -
tions (09: 57 elapsed t ime , 04: 43 MST) , the observed and predicted pq 
did not ma t ch well , probabl y due to changes in the K(z) profil e and to 
the source strength from t he bottom . 
To es timate the dai l y potential evapotranspiration from data 
obta ined on September 20, a t first equations (5, 6, and 7] were used 
to ca lculate the values of thermal s tability function, ~m' then 
equat i ons (9, 10, and 12] were used to calculate the values of K(z)' 
Using equations [1] and [4], the potential evapotranspiration was 
calculated on September 20. Table 3 shows the results of this calcula-
tion. As the results indicate, maxi mum flux of \Yater vapor occurred 
at about 14:30 ~1ST. The total dail y evapotranspirations are .13 
inches (3 .2 mm), .192 inches (4.79 mm), and .04 inches (1 mm) using 
equations [1] and [4], respectively . Comparing the Class A pan 
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Tab le 3. Potent ia l evapotranspiration on September 20 
Using equation [1] 
Time. MST Using equation [4] 
K(z) obtained from equation [9] K(z) obtained from equation [12] 
05:26-06:47 - 2.413£- 7 g/crn 2 -5.645E-3 rnrn -6. 006E-8 g/crn 2 -1.406E-3 -5 . 588E-8 g/crn 2 - I. 308E-3 nun sec sec rnrn sec 
06:47-06:57 g/ cm 2 -1.282E-7 g/crn 2 -7 .693E-4 -I. 448E-7 g/crn 2 -8. 685E-4 - 5. 638E-7 sec -3. 38 3E-3 mm sec nun sec mm 
06:57-08:40 4. 036E-7 g/cm 2 2 . 495E-2 7. 572E-8 g/cm 2 4. 680E-3 9 ,412E - 8 g/cm 2 5.816E-3 sec nun sec rnrn sec mm 
08:40-09 : 07 l. 0!3E-6 g/cm 2 1.641E-2 2. 648[-7 g/cm 2 4. 289E-3 mm 2. 228E-7 g/cm 2 3.610E-3 mm sec nun sec sec 
09:07-10:34 8.783E-6 g/cm 2 4. 585E-I I. 254 E-5 g/cm 2 6 . 544E- I I. 972E- 6 g/cm 2 l. 030E-1 mm sec mrn sec nun sec 
10:34 - 11:07 5. 325E-6 g/cm 2 1.054E-I 8 . 400E-6 g/cm 2 I. 663E-I I. 260E- 6 g/ em 2 2 . 495E-2 nun sec rnm s ec rnm sec 
I I :07-12 : 38 7. 368E-6 g/cm 2 4.023E- I 1.164E-5 g/cm 2 6.356E-I I . 792E - 6 g/cm 2 9.782E - 2 mm sec mm sec mm sec 
12:38- 13:04 9. 771E-6 g/cm 2 l. 524E- I 1. 560E-5 g/crn 2 2.434E-1 3.977E-6 g/cm 2 6.204E-2 mm sec rnrn sec mm sec 
13:04- 14:32 1.168E-5 g/cm 2 6.167E-I 1.601E-5 g/cm 2 8.451E- l 2 . 794E - 6 g/cm 2 1.475E- 2 nun sec rnrn sec mm sec 
14:32-14 :45 2 . 350E- 5 g/cm 2 !. 833E- l 2.462E-5 g/cm 2 1. 920E- I 5. 356E-6 g/ em 2 4 .178E-2 mm sec mm sec mm sec 
14:45-15:59 1.054E-5 g/cm 2 4. 681E-l 1. 441 E-5 g/cm 2 6.400E - l 2.471E-6 g/cm 2 1 . 097E-l mm sec rnrn sec mm sec 
15 : 59- 16:28 1. 097E-5 g/cm 2 I. 909E- l 1. 944 E-5 g/cm 2 3.383E-l 2 . 719E- 6 g/cm 2 4. 730E- 2 sec m;n sec mm sec mm 
16:28- 17 : 36• 1. 451E- 5 g/cm 2 5.921E- l 2.478E-5 g/cm 2 I . 012E - O mm 3. 709E-6 g/cm 2 1.513E-l sec JT"."ll sec sec mm 
17:36-18 : 00 1 . 592E-6 g/cm 2 2.293E-2 4. 030E-5 g/cm 2 5.803E- 2 mm 4.130E- 6 g/cm 2 5.947E- 2 mm sec mm sec sec 
18:00- 19:17 - 6. 249E- 7 g/cm 2 - 2 . 450E-2 -1. 464E-7 g/cm 2 - 6 . 674E- 3 mm -1. 543E-7 g/cm 2 - 7 . 035E- 3 mm sec mm sec sec 
Tot al 3 . 2 mm = .1 3 inches 4 . 79 nun = . 192 inches 1 nun = . 04 i nches 
54 
evaporation (.15 inches= 3.75 mm) at the same day, equation [4] gives 
the lowest values but there is a reasonable agreement between pan 
evaporation and equation [I). 
ll1e proposed model could be used during the daytime to predict 
t he pq variations , but in this case the l ow level source must be 
adjusted through N8, increasing 8 until about 14:00 MST (see Figure 
13) and then decr easing 8 gradually thereafter. Due to changing in 
thermal stabi lity, the shape of the K(z) profi l e will change too, and 
the values of K(z) will be higher than those during the nighttime. 
55 
CONCLUSIONS 
As the results of this investigation showed, during calm condi-
tions the thermocouple psychrometer designed and built for use with 
tethered balloons performed very well in measuring dry and wet bulb 
temperature in the lowest 200 meters of the atmosphere. From these 
t emperatures, water vapor pressure, specific humidity and the air 
dens ity were calculated without serious errors due to the sunshine and 
ventilation effects on the thermocouple sensors. 
Data taken during the day on September 20 and during the night-
time of September 21-22 of 1976 were assumed typical for l ate summer 
in the Cache Valley. It was determined that the surface inversion 
layer began to form about half an hour before sunset and dissipated 
about two hours after sunri se (see Figure 14) . 
The vertical profiles of specific humidity, as measured in the 
lowes t 200 meters by a t ethered balloon system in an irrigated broad 
mountain valley exhibited cer tain features. The maximum value in the 
vertical profile occurred at about 14:30 MST. The results of the q 
profiles showed that, despite hav i ng a downward flux after sunset, 
there was sti ll some energy available for evaporation, causing a little 
higher q for the lower 10 met ers and continued, on the average, about 
one hour and a half after sunset. This phenomenon may refer to the 
advection effect. 
The one-dimensional proposed model t o es timate the movement of 
wat er vapor as a function of time, adequately predicted the vertical 
profile of q values during the nightt ime period. 
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The diffusivity profile under a nocturna l inversion demonstrated 
small, but not insignificant interaction with the air over the inversion. 
Due to this interaction, the maximum of K(z) occurred at a height of 
50 meters above the ground surface, whereas this maximum occurs at a 
height of a few hundred meters during the daytime. 
The proposed model and profiles can be used to predict redis tribu-
tion of passive aerosols under nocturnal inversions, the model could 
also be used to estimate evapotranspiration over broad areas using 
atmospheric variables. 
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Appendix A 
Comparison between Assmann' s and 
Thermocouple Psychrometer 
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Table 4. Effect of ventilation in the laboratory 
Assmann's ESlchrometer ThermocouEle ESlchrometer Difference 
Dry Wet Vapor Dry Wet Vapor (e) (RH) bulb bulb pressure bulb bulb pressure 
Kind of ventilation 
(oC) (oC) (mb) (oC) (°C) (mb) (mb) (%) 
Without ventilation 27.4 14.4 9.1 26.7 16.5 13 . 0 -3.9 -12.9 
Using Assmann's fan 27.4 14 . 4 9.1 26.9 14.9 10.2 -1.1 -3.9 
Using electrical fan 27.4 14.4 9.1 27.1 14.5 9.4 -0.3 -1.4 
Table 5. Values of T0 , T w' e and RH for Assmann's and thermocouple psychrometer at different heights and 
times in shadow 
Height, em TD (A)* TI~(A) E(A) RH(A) TD (T) ** ru(T) E(T) RH(T) d(TD) d(TW) d (E) d(RH) 
7.5 29.0 21.2 20.8 51.5 30.4 20.4 18.3 41.9 -1.4 0.8 2.5 9.7 
28 . 8 20.4 19.2 48.2 29.5 19.9 17.8 42.9 -0.7 0.5 1.4 5.3 
29.7 22.2 22.6 53.7 30.5 20.8 19 . 1 43 . 4 -0 . 8 1.4 3.5 10.3 
10 . 0 25.4 16.5 13.8 42.2 28.0 17.1 13.3 35.0 -2.6 -0.6 0 .4 7 . 1 
26.5 17 . 4 14.7 42 . 3 28.4 17 . 5 13.8 35.5 -0.1 -0.9 0.9 6.8 
25.6 15.5 11.9 36 . 1 28 . 0 16.2 11.7 30.9 -2.4 -0 . 7 0.2 5 .2 
15 . 0 28.0 17.2 13 . 5 35.5 29.3 18.1 14.4 35.1 -1.3 -0.9 -0.9 0 . 4 
27.6 18.9 16.9 45.6 30.6 19.0 15.4 34.8 -3.0 -0.1 1.5 10.8 
27.6 18.7 16.5 44 . 5 30.0 19.1 16.0 37.3 -2.4 -0.4 0.6 7.2 
27 . 7 16.6 12.6 33.7 28.9 17.0 12.6 31.5 -1.2 -0.4 0.0 2 . 2 
20.0 24 . 7 16.5 14 . 2 45 . 2 27.1 16.2 12.3 34.0 -2.4 0.3 1.9 11.3 
24.9 11.6 10.8 34.1 28.4 15.5 10.3 26.5 -3.5 -0.9 0.5 7 .7 
26.6 15.5 11.3 32.4 30 . 3 16.2 10.4 24.0 -3.7 -0.7 0.9 8.4 
26.5 15.8 11 . 9 34.2 30.0 16.6 11.3 26.4 -3.5 -0.8 0 . 6 7.8 
30.0 25.3 15.7 12.4 38 . 3 27.5 18.0 15.3 41.3 -2.2 -2.3 -2.9 -3.0 
24.0 14 . 2 10.7 35 . 6 25.3 15.8 12.6 38.8 -1.3 -1.6 -1.9 -3.3 
25.5 16.2 13.2 40.1 25 . 9 16.7 13.8 41.1 -0 . 4 -0.5 -0.7 -1.0 
24 . 4 15.0 11.8 38.3 25.2 16.2 13.3 41.4 -0.8 -1.2 -1.6 -3.1 
40.0 27.8 18.1 15.3 40.7 28 . 1 19. 1 17 . 0 44.5 -0.3 - 1.0 -1.7 -3 . 8 
27.0 17.7 15.0 41.8 27.6 18.6 16.4 44.0 -0.6 -0.9 -1.4 -2.2 
50.0 23.5 14.7 11.8 40.5 24.1 15.4 12.6 41.7 -0.6 -0.7 -0.8 -1.3 
24.3 16.5 14 . 4 47.1 24.3 16 . 7 14 . 7 48.3 0.0 -0.2 -0.4 -1.2 
23.4 15.5 13.2 45.5 23.8 16 . 2 14.1 47 . 7 -0 . 4 -0.7 -1.0 -2.2 
24 . 1 16.1 13.8 45.7 24 .1 16.3 14.1 46.9 0.0 -0.2 -0.3 -1.2 
23.7 14.4 11.2 37.9 23.8 15.2 12.4 42.0 -0.1 -0.8 -1.3 -4 . 0 
24.8 14 . 2 10 . 2 32.5 25.2 15.2 11.6 36.1 -0.4 -1.0 -1.4 -3 . 6 
23.6 14.3 11.1 37 . 8 23.8 14.9 11.9 40.3 -0.2 -0 . 6 -0.9 -2.3 "' ... 23.5 14.8 11.9 41.0 23 . 6 14.9 12 . 0 41.1 -0.1 -0.1 -0.1 - 0 . 1 
Table 5. Continued 
Height , em TO (A)* 11\'(A) E(A) RH(A) TD(T)** 111' (T) E(T) RH(T) d(TD) d (TW) d(E) d(RH) 
60.0 24.9 12.5 7.5 23.7 25.8 13.4 8 . 4 25 . 1 -0.9 -0.9 -0.9 -1.4 
24.0 12.0 7.3 24.2 24 . 9 13.2 8.6 27.1 -0.9 - 1.2 -1.3 -2.9 
23.7 12.5 8 . 2 27.8 24.2 13.2 8 . 9 28 . 8 -0 . 7 - 0.7 -0 . 7 -1. 1 
70.0 28 . 5 17.5 13.8 35.2 28.8 18.3 15.1 37.9 -0.3 -0.8 -1.3 -2.7 
28.5 18 . 5 15 . 7 39.9 29 . 0 18.9 16. 1 40 . 0 -0.5 - 0.4 - 0.5 0.0 
26.9 16 . 4 12.7 35.7 26.8 17.2 14 . 2 40 . 1 0. 1 - 0.8 -1.5 -4.4 
80.0 29.7 18.5 15.0 35.6 30.9 19.6 16.4 36.4 -1.2 - 1.1 -1.5 -0.8 
32.0 20.9 18.5 38.4 32.2 21.2 19.0 39.1 -0.2 -0.3 -0.5 -0.6 
28.9 17 . 3 13.2 32.9 30 . 9 18.8 14.9 33.0 -2.0 - 1.5 -1.7 -0 . 1 
31.0 20 . 4 18.0 39.7 30.8 20.7 18.7 41.8 0.2 -0 . 3 -0.7 -2. 1 
26.7 17.0 13.9 39 . 4 27.6 17.8 14.8 39 . 9 -0 . 9 - 0.8 -0.9 -0.5 
28.6 19.4 17.3 44.0 28.8 19.7 17.8 44 . 7 -0 . 2 -0.3 -0.5 -0 . 7 
30.0 19 . 2 16.1 37.7 29.5 19.3 16.6 40.0 0.5 -0 .1 -0.5 -2.3 
27 . 9 17 . 9 14.9 39.3 27.5 18.7 16.6 44 . 9 0.4 - 0.8 -1.7 -5 . 7 
28.4 19.0 16.7 42 . 8 28 . 7 19.6 17.7 44.6 -0 . 3 - 0 . 6 -1.0 -1.8 
26.4 16.8 13 . 7 39.6 26 . 8 17 . 4 14 . 6 41. 1 - 0.4 -0.6 -0 . 9 -1.5 
27.0 16 . 2 12.3 34.3 27.7 16.9 13.2 35.2 -0.7 -0 . 7 -0.8 -0.8 
27.4 17.2 13.9 37.7 28.3 18.4 15.6 40 . 2 - 0 . 9 - 1. 2 -1.7 -2.5 
27.0 16.5 12 . 8 35.8 27 . 4 17.5 14. 4 39.2 -0.4 - 1.0 - 1.6 -3.4 
28.7 18.9 16.3 41. 1 28.7 19. 1 16 . 7 42.1 0 .0 - 0.2 - 0.4 -1.0 
29.6 19 . 0 16.0 38.2 29.2 19.5 17.2 42.1 0.4 - 0.5 -1.2 -3.9 
27 . 9 17.0 13 . 2 34 . 9 27.4 17.7 14 . 8 40 . 2 0.5 -0.7 -1.6 -5.3 
90.0 31.3 15.7 9 . 0 19.5 32.8 17.3 11.0 21.8 -1 .5 - 1.6 - 2.0 -2.3 
30.6 15.8 9.6 21.6 32. 1 17.3 11.4 23.5 -1.5 -1.5 -1.8 -1.9 
29 .1 15.3 9.6 23.6 30 . 2 16.6 11.2 25.9 -1. 1 - 1.3 -1.6 -2.3 
28.2 15.2 9 . 9 25.8 28.8 15.9 10.8 27 . 0 -0.6 -0.7 -0.8 -1.2 
27.0 15.0 10.3 28.6 27.5 15.7 11. 2 80.2 -0.5 -0.7 -0.9 -1.6 
100 . 0 18.3 10. 1 7.8 36.8 18 .4 10.4 8. 1 38.3 -0.1 -0.3 -0.4 -1.5 
"' 18.1 9 . 5 7 . 1 33.8 18.4 10.0 7.6 35.6 -0.3 -0.5 -0 . 5 -1.8 "' 
Table 5. Continued 
Height, em TO(A) * TW(A) E(A) RH(A) TO (T) ** TW(T) E(T) RH(T) d (TO) d(TW) d(E) d (RH) 
100.0 17 . 0 8.4 6.2 31.9 17.5 8 . 9 6.6 32.8 - 0.5 -0.5 -0 .4 -0.9 
15.7 7.4 5.7 31.6 16.2 7.8 5.9 31.9 -0.5 -0.4 -0.2 -0.2 
14 . 2 7.2 6.3 38.5 14.7 7.8 6.7 40.1 -0.5 -0 .6 -0.5 -1.6 
15.9 8.6 7 .1 39 .1 15.3 8.4 7 . 2 41.1 0.6 0.2 -0.1 -2.0 
120.0 30.0 16.0 10.3 24.0 31.0 16.8 11.1 24.5 -1.0 -0.8 -0.8 -0.5 
29.0 16.3 11.3 28.1 29 . 3 16.9 12. 2 29.8 -0.2 -0 .5 -0.8 -1.5 
29.8 16.9 12.0 28.3 30.0 17.4 12.7 29.8 -0.2 - 0.5 -0.8 -1.5 
*A refers to Assmann's psychrometer values. 
**T refers to thermocoupl e psychrometer's values. 
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Table 6. The average differences between Assmann's and thermocouple 
psychrometer for T0, Tw' e and RH in shadow 
No. of Assmann's-thermocouple psychrometer 
observations 
Height d(T0) d(T ) d(e) d(RH) 
em ·c ·cw mb % 
3 7.5 -1.0 0.9 2.5 8.4 
3 10.0 -2.3 -0.5 0.5 6.4 
4 15.0 -2.0 -0.5 0.3 5.2 
4 20.0 -3.3 -0.5 1.0 8.8 
- - - - - - -
4 30.0 ~ 1.2 -1.4 -1.8 -2.6 
2 40.0 -0.5 -1.0 -1.5 -3.0 
9 50.0 -0.2 -0.5 -0.8 -2.0 
3 60 .0 -0 .8 -0.9 -1.0 -1.8 
3 70.0 -0 .5 -0.7 -1.1 -2.4 
16 80.0 -0.6 -0.9 -1.1 -2.1 
5 90.0 -1.0 -1.2 -1.4 -1.9 
6 100.0 -0.4 -0 . 7 -0.4 -1.3 
3 120.0 -0 .5 -0.6 -0.8 -1.2 
Table 7. Values of T0, Tw' e and RH for Assmanm's and thermocouple psychrometer at different heights 
and times having direct sunshine and shelter 
Conditions T0(A) Tw(A) e(A) RH(A) To(T) Tw(T) e(T) RH(T) d(T0l d(Tw) d(e) d(RH) 
Sunshine 31.7 16.8 10.7 22.6 32 . 6 18.1 12.7 25.0 -0.9 -1.3 -2.0 -2.4 
31.9 17.5 11.8 24.8 32.7 18.5 13.5 26.5 -0.8 -1.0 -1.6 -1.7 
32 .2 16 .4 9.7 20.0 33.2 17.5 11 . 5 20.7 -1.0 -1.1 -1.8 -0.8 
32.0 16.4 9.8 20.4 32.7 17.3 11.0 21.3 -0.7 -0.9 -1.2 -0.9 
32.3 17.0 10.7 21.7 33.1 17.9 12.3 22.7 -0 .8 -0.9 -1.6 -0.7 
31.9 16.9 9.0 18.8 32.5 17.7 10.2 19 . 5 -0.6 -0.8 -1.2 -0.7 
32.3 16.2 9.3 19.0 33.1 17.2 11.7 21.1 -0.8 -1.0 -2.4 -2.0 
29.6 16.3 11.0 26.3 30.6 17.4 12.8 28.8 -1.0 -1.1 -1.8 -2.5 
30.4 16.6 11.1 25.3 31.2 17.6 12 .6 26.2 -0.8 -1.0 -1.6 -0.9 
30.7 16.0 9.9 22.1 31.5 17.0 12.8 25.1 -0. 8 -1.0 -3 .0 -3 .0 
31.1 16.0 9.6 21.1 32.0 17.2 11.3 29.1 -0.9 -1.2 -1.6 -1.5 
31.3 17.8 12.7 27.6 32.2 18 . 9 14.5 29.1 -0.9 -1.1 -1.7 -1.5 
31.6 16.9 10.9 23.3 32 . 5 18 . 1 13.2 25.2 -0 . 9 -1.2 -2.3 -1.9 
31.0 17.7 12.7 28.1 31.8 18.7 14.9 30.2 -0.8 -1.0 -2.2 -2.1 
31.0 16.6 10.7 23 . 7 31.7 17.6 12.3 24.6 -0.7 -1.0 -1.6 -0.9 
Shel er 31.6 16 .7 10.6 22 . 5 32 . 2 17.4 11.5 23.6 -0.6 -0.7 -0.9 -1.1 
" 31.6 16.9 9.2 19.5 32.5 17.3 11.1 22.5 -0.9 -1.4 -2.0 -3.0 
31.8 16.4 9.9 20.9 32.8 18.0 12.2 24.4 -1.0 -1.6 -2.3 -3.5 
32.5 16.7 9.9 19.9 32. 5 17.5 11.5 23.3 -0.4 -0.8 -1.6 -3.4 
31.7 16.2 9.6 20.4 32.3 17.1 10 . 9 22.3 -0.6 -0.9 -1.3 -1.8 
31.6 16.6 10.4 22.1 32.3 17.5 11.6 23.8 -0.7 -0.9 -1.2 -1.6 
29.9 15.7 9.8 23.0 30.4 16.8 11.4 26.1 -0 . 5 -1.1 -1.6 -3.1 
30.6 16.6 11.0 24.7 31.6 17.5 12.0 25.6 -1.0 -0.9 -1.0 -0.8 
30.0 16.6 11.3 26.4 30.2 17.9 13.5 31.3 -0.2 -1.3 -2.2 -4 . 9 
31.4 17.6 12.3 26.5 32.0 18.4 13.5 28.0 -0.6 -0.8 -1.2 -1.5 
31.2 17.1 11.5 25. 1 32.3 18.1 12.7 26.0 -0.6 -0.8 -1.2 -0.9 
31.6 16.6 10.4 22 .1 32.7 18.0 12.3 24.6 -1.1 -1.4 -1.9 -2.5 
"' co 
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Table 8. The average differences between Assmann's and thermocouple 
psychrometer for T0, Tw, e and RH in sunshine 
Conditions Assmann's-thermocouple psychrometer 
d(T0) d(T ) d(e) d(RH) 
·c ·cw mb % 
Direct sunshine -0.8 -1.0 -1.8 -1.7 ( 15 observations) 
Shelter -0.7 -1.1 -1.5 -2.3 
( 12 Observations) 
Table 9. The average differences between Assmann's and thermocouple 
psychrometer for T0, Tw' e and RH in a steamroom 
3 observations -0.9 -0.9 -1.2 -1.2 
Table 10 . Effect of different water temperature on the sensors 
Conditions To Tw 
. 
c ·c 
Room temperature water in reservoir 27.0 18.2 
Test 1 Very cold water, about 2 ·c, in reservoir 26.9 18.2 
Hot water, about 60 'c, in reservoir 27.1 18.2 
Room temperature water in reservoir 25.0 16.9 
Test 2 Very cold water, about 5 ·c, in reservoir 24.9 16 .9 
Hot water, about 65 ·c, in reservoir 25. 1 16 .9 
Appendix B 
Weight of test line, copper wires and 
The thermocouple psychrometer unit 
Haterials 
207 meters of 80-pound test line 
Three 200-meter copper wires 
Insulated water reservoir (thermos), 
thermocouple psychrometer, stee l plate, 
handle, bolts, and styrofoam 
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Weight, g 
162.4 
2260 . 0 
921.3 
3343.7 g (7.37 lbs.) 
Appendix C 
The Computational Procedure to Compute T~Tw 
e, RH, 8, q, Tv, and p 
TD=-2.45464+ .98144*UD 
TW=-2.45464+ S8144*UW 
C UD=UNITS ON THE CHART FOR THE DRY SENSOR 
C UIV=UNITS ON THE CHART FOR THE \VET SENSOR 
C TD=DRY BULB TEMPERATURE, DEG. C 
C TW=WET BULB TEMPERATURE, DEG. C 
Y=(l.745E-2)*X 
C X=THE ANGLE BETWEEN WIRE AND VERTICAL, DEG. 
C Y=THE ANGLE BETWEEN WIRE AND VERTICAL, RADIAN 
HEIGHT=LENGTH*COS(Y) 
C LENGTH=LENGTH OF THE WIRES, M 
C HEIGHT=HEIGHT ABOVE THE GROUND SURFACE, ~~ 
ELEV=l370.l +HEIGHT 
C ELEV=ELEVATION ABOVE SEA LEVEL, M 
P=l013.-.l055*ELEV 
C P=AIR PRESSURE, MB 
XLM=S95.-. 51 *TW 
C XLM= LATENT HEAT OF VAPORIZATION, CAL/G 
G~l= (. 24 *P) I (. 622*XLM) 
C GAM=PSYCHROMETRIC CONSTANT, MB/DEG. C 
TDD=TD+273.16 
TII'W=TW+273.16 
EW=l. 3329*EXP (21. 07-5336/TII'W) 
C EW=SATURATION VAPOR PRESSURE AT TWI~, MB 
ED=l.3329*EXP(21.07-5336/TDD) 
C ED=SATURATION VAPOR PRESSURE AT TDD, ~1B 
E=EW- GAM*(TD-TIY) 
C E=ACTUAL VAPOR PRESSURE, MB 
RH=(E/ED)*lOO. 
C RH= (RELATIVE HU~1IDITY, % 
THETA=TDD/ ( (P/1000.) **. 286) 
C THETA=POTENTIAL TEMPERATURE, DEG. K 
Q= .622*(E/P) 
C Q=SPECIFIC HU~IIDITY, DIMENSIONLESS 
TV=TDD*(l.+.6l*Q) 
C TV=VIRTUAL TEMPERATURE, DEG. K 
DENSIT=.34838*(P/TV)*lE-3 
C DENSIT=DENSITY OF THE AIR, G/CW*3 
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Appendix D 
The Values of Friction Velocity, u*(O)' Mean Wind Speed 
And Soil Temperature during the Tests 
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Table 11. Th7 values of fricti~n velocity, u*(O)' mean wind speed and 
so1l temperature dur1ng the tests 
Date 
8-24-76 
8-27-76 
8-28-76 
9- 1-76 
9- 2-76 
Time 
(MST) 
14: 13 
1S:20 
16:30 
16:S6 
17:SS 
18:41 
17:SS 
19 : 28 
20:42 
OS: lS 
06:03 
06:S4 
18:06 
19:06 
l9:Sl 
06 : SS 
07:38 
08:13 
08:17 
09:00 
09:41 
u*(O) 
(m 2 /sec) 
.169 
.183 
.188 
.190 
.192 
.184 
. 160 
. 164 
.1 75 
.166 
. 14S 
.1S3 
.138 
.140 
0.6m 
(m/ sec) 
1. 08 
1. 07 
0.66 
0.29 
O.S8 
0.29 
0.29 
0.37 
O.S4 
0.31 
0.37 
0. 41 
0.48 
0.69 
Mean wind speed 
2. 9m 
(m/sec) 
1. 64 
1.6S 
1. 29 
0. 93 
1. 38 
l.OS 
l.OS 
0.90 
1. 37 
1. 06 
0.84 
0.9 1 
0.92 
1.26 
lO.Om 
(m/sec) 
1. 84 
1. 76 
1.S3 
1.17 
2. 13 
1. 74 
1. 94 
1. OS 
2 . 3S 
1. 87 
0.98 
1. 07 
1. 03 
1. 75 
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Tabl e ll. Continued 
Time u*(O) Mean wind SEeed Date 0.6m 2.9m lO.Om 
(~1ST) (m2 /sec) (m/sec) (m/sec) (m/ sec) 
9-10-76 17:43 
.218 0.81 l. 69 2.43 
18:34 
.228 0.65 l. 54 2.22 
19:15 
9-13-76 05:04 
.132 0.32 0 . 74 0.83 
05:59 
.177 0.06 0.64 0.83 
9-13-76 06:44 
07:28 
. 181 0.10 0 . 66 0.75 
08:18 
. 193 0.71 1.31 1.42 
09:30 
.182 0.18 0.75 0.86 
10:17 
.168 0.36 0.48 0.60 
11:10 
ll :53 
1.63 0.63 0.97 l. 16 
12:43 
.l 71 0.28 0.82 0. 94 
13:33 
9-20-76 05:26 .160 0.14 0.63 0.69 
06:05 
.161 0 . 06 0.62 0.89 
06.47 
06:57 
. 152 0.50 1.03 l. 29 
07:41 
. 149 0.11 0.57 0.64 
08:40 
09:07 
.141 0 .12 0.56 0. 64 
09:44 
. 134 0.75 1.18 l. 29 
10:34 
ll :07 
.136 0.81 l. 28 1.50 
ll: so 
.147 l. 29 l. 79 2.01 
12:38 
13:04 
.151 1.26 1.80 2.10 
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Table 11. Continued 
Time u. (0) Mean wind s12eed Date 0.6m 2. 9m lO.Om 
(~1ST) (m2 /sec) (m/ sec) (m/sec) (m/sec) 
9-20-76 13:50 
.1 60 0.89 1.40 1. 53 
14:32 
14:45 
.206 1. 14 1. 81 2.01 
15:25 
.177 0 .41 1. 01 1. 26 
9-20-76 15 :59 
16:28 
.160 1. 09 1. 67 2.01 
17:00 
.145 0.82 1.34 1.64 
17:36 
18:01 
. 153 0.21 0 . 78 1.13 
18:38 
.174 0.21 0.78 0.96 
19:17 
9-21-76 18:07 
.192 0.20 0.96 1. 57 
18:48 
. 234 0.21 1.13 1. 82 
19:38 
.236 0.65 1. 79 3.18 
20:32 
.210 1. 34 2.41 3.83 
21:14 
21:33 
.193 0.81 1. 61 2.33 
22:07 
.1 92 0 . 42 1.18 1. 79 
22:52 
23:07 
.177 0.57 1. 18 1.46 
23:40 
. 161 0.19 0.75 1. 02 
00:20 
00:25 
. 174 0. 24 0.77 0.83 
01:07 
.162 0 . 56 1 . 11 1.34 
01:55 
02:42 
.163 0. 21 0.74 0.90 
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Table 11. Continued 
Time u. (0) Mean wind SEeed Date 0 . 6M 2.9m lO.Om 
(MST) (m2/sec) (m/ sec) (m/sec) (m/sec) 
9-21-76 03:20 
.172 0.15 0.68 0.76 
04:05 
.165 0.13 0.65 0.76 
04:43 
.179 0.19 0.79 1.02 
05:25 
05:40 
.179 0 . 24 0.81 0.95 
06:25 
.176 0.06 0.60 0.67 
07 : 05 
9-23-76 06:10 
.180 0.52 1. 24 1.83 
06:51 
.181 0.61 1. 28 1.71 
07:35 
18:17 
. 183 0.80 1.60 2.41 
18:57 
.169 0.45 1. IS 1 . 79 
19:39 
.218 0.32 1. 26 2.21 
20:13 
.199 0.16 0.95 1. 58 
29:47 
9-24-76 OS: 15 
.170 0.08 0.65 0.87 
05:52 
.182 0.08 0.64 0. 72 
06:37 
06:52 
.190 0.02 0.63 0.79 
07:26 
.163 0.12 0.62 0.69 
08:05 
Appendix E 
Temperature and Specific Humidity Profiles 
During the Course of Studies 
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200 
175 
150 
125 
E 
~ 100 
Cl 
4> 
::r:: 
75 
50 
25 
+ 17 :55 - 19:28 MST 
X 19:28 - 20 :4 7 
Su n set , 1 8:3 2 
2 3 4-
- 3 q x10 , 9 / 9 
Figure 24 . Spec i fic humidity profile on August 27. 
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Figure 25. Temperature profile on August 28. 
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Figure 26, Specific humidity profile on August 28, 
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Figure 27. Temperature pr ofi l e on Sept ember 1. 
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Figure 28 . Specific humidity profile on September 1 . 
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Figure 29. Temperature profile on September 2. 
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Figure 30. Specific humidity profile on September 2. 
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Figure 31. Temperature profile on September 10. 
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Figure 32. Specific humidity profile on September 10 . 
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Figure 33. Temperature profile on September 13 (c l oudy day). 
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Figure 34. Specific humidity profile on September 13 (cloudy day). 
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Figure 35. Temperat ure profi l e on September 23. 
90 
200 
180 
• os:1o - 06:51 MST 
160 "06:51 - 07:35 
D 18:17 - 18:57 
• 1 8: 57- 19:39 
140 + 19:39 -20~3 
Sunrise , 05:46 
120 Sunset , 18:58 
E 
--100 
-"' 
"' ., 
J: 
80 
60 
40 
8 9 10 
g;g 
Figure 36. Specific humidity profile on Sept ember 23. 
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